density nor the richness of snail species accounted for significant variation in symbiont diversity. Host species identity also affected symbiont richness, with higher gamma and average alpha diversity among more common host species with higher local abundances. These findings highlight the importance of multiple, concurrent factors in driving symbiont richness that extend beyond epidemiological measures of host abundance or host diversity alone.
Introduction
Despite the significance of parasites and other symbionts for conservation and health, we still know comparatively little about the factors that drive symbiont diversity across multiple scales of organization and among host species within a community (Poulin and Morand 2000; Dobson et al. 2008) . Recent advances suggest that the integration of theoretical frameworks from community ecology and epidemiology may offer insight into the factors likely to structure parasite diversity (Rosenzweig 1995; Poulin and Morand 2004; Poulin 2014 ). For instance, as an extension of island biogeography theory, the richness of parasites within a given host species could reflect an equilibrium between the probability of exposure to different parasites and the likelihood those infections establish and persist (MacArthur and Wilson 1967; Guégan et al. 1992; Poulin 1995) . This 'hosts as islands' framework predicts that larger-bodied and longer-lived host species represent larger targets for colonizing parasites and offer a longer time horizon for colonization (Kuris et al. 1980; Zelmer 2014) . Most Abstract Decades of community ecology research have highlighted the importance of resource availability, habitat heterogeneity, and colonization opportunities in driving biodiversity. Less clear, however, is whether a similar suite of factors explains the diversity of symbionts. Here, we used a hierarchical dataset involving 12,712 freshwater snail hosts representing five species to test the relative importance of potential factors in driving symbiont richness. Specifically, we used model selection to assess the explanatory power of variables related to host species identity, resource availability (average body size, host density), ecological heterogeneity (richness of hosts and other taxa), and colonization opportunities (wetland size and amount of neighboring wetland area) on symbiont richness in 146 snail host populations in California, USA. We encountered a total of 23 taxa of symbionts, including both obligatory parasites such as digenetic trematodes as well as more commensal, mutualistic, or opportunistic groups such as aquatic insect larvae, annelids, and leeches. After validating richness estimates per host population using species accumulative curves, we detected positive effects on symbiont richness from host body size, total richness of the aquatic community, and colonization opportunities. Neither snail Communicated by Joel Trexler.
By combining field surveys with parasite assessments, Keegan used ecological theory to test alternative drivers of parasite diversity. He spearheaded the data collection, analyses, and writing.
studies that have examined parasite richness in relation to individual host body size have found positive, albeit weak, correlations (Lindenfors et al. 2007; Kamiya et al. 2014a) . Similarly, epidemiological theory suggests that populations with higher densities of suitable hosts should allow for more transmission (Anderson and May 1979; Arneberg 2002) , potentially increasing parasite richness by growing population size and limiting the risk of stochastic extinction events. A recent meta-analysis showed that host species' body size, geographical range size (a proxy for colonization opportunities over evolutionary time), and population density were the most consistently identified correlates of parasite richness among host species from 62 studies, encompassing animal, plant, and fungal host taxa (Kamiya et al. 2014a) .
However, the biology of host-parasite interactions has several unique elements that challenge efforts to directly apply predictions developed from free-living community ecology. Because animal hosts are alive and vary in characteristics such as mobility, age, diet breath, size, and defense strategies, they are not perfectly analogous to habitat patches or islands (Vitone et al. 2004; Zelmer and Gross 2009; Zelmer 2014) . High levels of infection, for instance, might kill the host and remove it from the patch network (e.g., Seabloom et al. 2015) . Similarly, hosts can defend themselves against infection through both behavioral and immunological pathways. Ecoimmunological theory suggests that longer-lived (and generally larger) hosts should invest more resources into immunological defenses relative to short-lived hosts, which frequently have smaller body sizes but tend to reproduce early (Stearns 1992; SchmidHempel 2003; Cronin et al. 2010) . Thus, while larger or older hosts are likely exposed to more parasites, whether this will affect the richness of parasite species or simply the average infection load is uncertain. Lastly, evolutionary history and adaptation are likely to influence the richness of parasites within a host species, as suggested by the (1) greater similarity of parasite communities between closely related hosts (phylogenetic niche conservatism) (Mouillot et al. 2006) , (2) the higher parasite richness in host species with larger geographic ranges (Price and Clancy 1983; Gregory 1990) , and (3) the tendency for invasive species to exhibit fewer infections than co-occurring native hosts (Torchin et al. 2003; Cronin et al. 2010; Mitchell et al. 2010; Roche et al. 2010) . Such observations underscore the dynamic nature of host-parasite-environment interactions and, in turn, the competing forces that combine to structure parasite species richness over ecological and evolutionary scales.
While identifying the factors driving the heterogeneous distribution of parasite richness has been a central goal of parasite ecology for the last half century (Wisniewski 1958; Dogiel 1964; Esch et al. 1990; Kennedy and Bush 1992; Goater et al. 2014; Poulin 2014) , the relative importance of these variables is likely to vary by the level of ecological organization, including among individual hosts (infracommunity), across populations of a single host species (component community), and across communities of hosts (compound community) (Esch et al. 1990; Bush et al. 1997 ). Thus far, most studies of symbiont diversity either compare the total number of parasite species among different host species, often as a function of particular traits (e.g., body size, geographic range, phylogeny) (Morand and Poulin 1998; Nunn et al. 2003; Lindenfors et al. 2007; Bordes et al. 2009; Cooper et al. 2012) , or assess how the number of parasites in a specific host species varies across geographic areas (e.g., latitude, elevation, precipitation, introduced range) (Rhode 1999; Krasnov et al. 2004; Nunn et al. 2005; Marcogliese et al. 2016) . While these efforts have yielded important insights (Esch et al. 1990; Poulin 1997; Kennedy 2009; Goater et al. 2014) , including emerging syntheses (e.g., Kamiya et al. 2014a, b; Poulin 2014) , relatively few studies have investigated the drivers of symbiont richness both among host species and across environmental gradients (but see Ebert et al. 2001; Krasnov et al. 2011) , in part because of the paucity of datasets that include well-replicated information not only on hosts and parasites but also on the biotic and abiotic environment. Such information is necessary to rigorously test the relative roles of dispersal opportunities, habitat heterogeneity, and resource availability.
Aquatic snails offer an excellent system in which to investigate patterns of symbiont richness and their underlying drivers (e.g., Torchin et al. 2015) . They are the obligate first intermediate hosts for parasitic flatworms (trematodes), some of which affect the health of humans, domestic animals, or wildlife (Crompton 1999; Johnson et al. 1999; King et al. 2005; Gryseels et al. 2006) . Trematodes have complex life cycles in which they often sequentially infect multiple aquatic and terrestrial species, alternating between asexual reproduction (within snails or other molluscs) and sexual reproduction (in dispersing definitive hosts, such as birds, mammals, reptiles or fishes) (Gibson 1987) . In freshwater systems, pond snails are also colonized by a broad range of other parasitic, commensal, and mutualistic symbionts, including nematodes, oligochaetes, arthropods, and leeches (Sarah 1971; Esch et al. 2001; Prat et al. 2004; Zimmermann et al. 2011) . Because pond ecosystems are spatially discrete and well delineated, they facilitate simultaneous comparisons of parasite richness across multiple replicate communities within a landscape as well as between snail host species, which vary in characteristics such as body size, growth rate, seasonality, lifespan, dispersal ability, and habitat preference (Brown and DeVries 1985; Osenberg 1989) .
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Here, we compared the relative influence of hypothesized structuring forces in driving symbiont richness among freshwater snail populations. Specifically, we asked: (1) how does symbiont richness vary among populations of multiple host species and across wetland communities? And (2) what is the relative importance of factors underlying this variation, including host species identity, characteristics related to resource availability (average body size, host density), the richness of the community (including snails and other aquatic taxa), and the spatial position of the habitat (wetland size and nearby sources for dispersal)? To address these questions, we conducted detailed assessments of symbiont richness from 12,712 aquatic snails within 93 ponds in the California Bay Area, USA. We analyzed these data using a model selection approach in which host populations were nested within ponds to compare parasite richness among host species and sites. We broadly considered symbiont diversity to include the richness of parasitic, mutualistic, and commensal taxa, given that these organisms often inhabit the same component community and that their classification may be context dependent; for instance, commensals can become opportunistically parasitic depending on resource conditions (Prat et al. 2004; Zimmermann et al. 2011; Stoll et al. 2013; Skelton et al. 2016 ). Additionally, the drivers of community richness for commensal and mutualist taxa remain poorly understood, despite potentially important implications for human and animal health (Walter and Ley 2011; Godon et al. 2016 ). For example, Hopkins et al. (2016) showed that the presence of protective symbionts (Chaetogaster limnaei limnaei) can lower trematode transmission to snail intermediate hosts, thus reducing the likelihood of parasitic castration.
Materials and methods

Field sampling
From May to August 2013, we collected snails from freshwater ponds Contra Costa, Alameda, and Santa Clara counties Richgels et al. 2013) . We selected accessible pond ecosystems across grassland, oak woodland, and chaparral biomes to encompass a broad range in resource availability, community composition, surrounding habitat, and physical and spatial characteristics. Sites occurred on lands managed for a wide range of purposes, including wildlife refuges, recreational parks, private ranching operations, and watershed management districts. Site perimeters, which ranged from 22 to 1853 m (mean ± 1 SE = 179 m ± 80.7 m), were measured by walking the water's edge with a handheld GPS. Each pond was sampled twice over the course of the summer to help account for any temporal shifts in parasite community composition (Sapp and Esch 1994; Fellis and Esch 2004) . The first round of sampling occurred from 9 May to 3 July and the second round between 8 July and 15 August, with an average intersample period of 60 days.
On each visit, we conducted 1-meter long dipnet sweeps (D-frame net, 1.2 mm mesh size) every ~10 m around the pond perimeter to assess the presence and abundance of each snail species and quantify taxonomic richness of other aquatic organisms (e.g., larval insects, fishes, and larval amphibians). These sweeps were conducted by extending the dipnet approximately 1 m out from shore and rapidly skimming it along the benthos and through the associated vegetation toward the shoreline. The contents of each sweep were transferred to a sorting tray, identified to the lowest possible taxonomic level, and counted. We randomly selected 50 individuals of each snail species for dissection. When necessary, we supplemented the standardized dipnet sweeps with up to three person-hours of additional collections to achieve the desired sample size of 50 snails from each species. To prevent inadvertent transfer of organisms among ponds, all equipment was soaked in 10% bleach after each pond visit.
Symboint assessment
Collected snails were kept alive and necropsies were performed between 24 and 72 h (average: 37 h) post-collection. After measuring the shell length of each snail using digital calipers, we gently cracked the shell using a pair of pliers and teased the tissue from the shell with forceps, systematically examining all parts of the snail under an Olympus SZX10 stereomicroscope. We examined the internal and external spire of the shell for insects, the foot and under the hood for oligochaetes, and the internal organs and gonads for trematode rediae, sporocysts, cercariae, and metacercariae. For larval trematodes, we based identifications on the morphology of mature cercariae using keys from Yamaguti (1971) and Schell (1985) . Although the majority of organisms found while examining the snail were parasitic, here we use the term "symbiont" inclusively to describe any organism regularly observed living on or within a snail host with a known interaction with freshwater snails. All the symbionts included in this study were regularly detected inhabiting or attached to snails and have previously documented relationships with freshwater snails, whether parasitic, commensal, mutualistic, or predatory. For example, some leeches (Helobdella spp.) undergo prolonged feeding on snails that can eventually kill the host (Sarah 1971; Aditya and Raut 2005) , while oligochaetes (Tubifex tubifex) often feed on snail excrement and dead tissue (Eveland and Haseeb 2011) . Larval midges are thought to have a phoretic relationship with snails (i.e., as a means of transportation; Prat et al. 2004 ). For trematodes, we treated unique life stages as distinct taxa (e.g., echinostome rediae and metacercariae) because of their different ecologies and the challenges in differentiating species, particularly for larval stages for which morphological distinctions can be hard to identify.
Because sampling effort is always a key consideration when examining patterns of species richness (Walther et al. 1995; Dove and Cribb 2006) , we built a series of species accumulation curves to determine whether the number of individuals sampled from a host population was sufficient to capture symbiont richness within that species. Specifically, we used the fossil package (Vavrek 2011) in the statistical software program R (version 3.0.2) to analyze and estimate richness for a subset of 82 host populations across our range of sample sizes (20 sites with sample sizes between 20 and 50, 58 sites between 51 and 100, and four sites with sample sizes greater than 100). We then assessed the difference between observed richness and predicted richness using the Chao2 estimator (Heltshe and Forrester 1983; Chao et al. 2005) . Because this study was not explicitly focused on seasonal changes in symbiont communities, we pooled information from the two visits to give a more complete picture of symbiont richness.
Analysis
To investigate the relative importance of factors associated with symbiont richness, we built a series of generalized linear-mixed effects models using the lme4 package in R (Bates et al. 2015) . In each, the response variable was symbiont species richness at the host population-level as a Poisson-distributed variable with a log-link function and wetland identity was included as a random intercept term. We focused on population-level symbiont richness (i.e., the total number of symbionts found in particular snail species-by-pond combination) rather than individual hosts given the small range in richness at the infracommunity level (i.e., many individual hosts have zero or one symbiont only); analyses of symbiont richness at the pond level (compound community) were similarly challenging owing to similar parasite morphotypes detected in different snail host species; in the absence of molecular data, determination of whether these groups were taxonomically distinct was not possible (Leung et al. 2009 ).
We constructed a total of six models for comparison. In the first ('species-only model'), we included snail host species identity as a fixed effect to broadly capture among-species variation stemming from evolutionary history, physiological defenses, and overall body size (Poulin and Morand 2000; Kamiya et al. 2014a, b; Poulin 2014) . The 'epidemiological model' included variables related to resource availability, namely in the form of host density (mean count of snails caught per dipnet, log 10 + 1 transformed) and average host size (as a z-score to factor out overall size differences among snail species) (Anderson and May 1979; Arneberg 2002) . For the 'heterogeneity model', we incorporated snail richness and the richness of other free-living aquatic taxa as additional fixed effects (measured as a discrete count of the taxa encountered during dipnet surveys, including macroinvertebrates, fishes, and amphibians), with the rationale that for generalist symbionts, these taxa may function as alternative or additional hosts (Hechinger and Lafferty 2005) . Fourth, the 'colonization model' included characteristics hypothesized to influence parasite colonization and establishment, such as pond area (log 10 + 1 transformed) and the percentage of wetland habitat within a 1 km radial buffer of each pond (derived from the National Land Cover Database using ArcGIS), although we acknowledge that such variables could also have effects on variables such as total host population size Zelmer 2014 ). Finally, we built both an 'interceptonly' model and a 'global model' containing all the fixed effects after verifying a lack of collinearity among predictors . Other individual or host specieslevel traits were either not measurable (e.g., days alive) or not relevant to this system (e.g., sex, as all snail host species included here are hermaphroditic). Predictor variables were scaled to facilitate comparisons of their coefficients, and we compared among models using Akaike's information criterion (AIC) (see Zuur et al. 2009 ).
Results
We examined 12,712 individual snails from 93 wetlands for symbionts, including 5578 Helisoma trivolvis, 5249 Physa spp., 1030 Gyraulus spp. (species parvus or crista), 500 Lymnaea columella, and 355 Radix auricularia. Of these, H. trivolvis was the most common species, occurring in 82% of wetlands, followed closely by Physa spp. (possible mixture of P. gyrina and P. acuta), which occurred in 75% of sites. Gyraulus spp., L. columella, and R. auricularia were less common, occurring at 28, 19, and 12% of sites, respectively. We collected sufficient data to analyze symbiont richness from 146 different host populations.
Symbiont richness
Across all host species and sites, we encountered 23 distinct taxa of parasites and symbionts (Table 1) . This is likely an underestimate of true species richness given the challenges of identifying many of these groups to the species level based on morphology, particularly for fungi, larval helminths and midge larvae (e.g., Miura et al. 2005; Leung et al. 2009 ). In addition, some specialist taxa such as larval trematodes can represent different species when found in distinct snail host species. Of all symbionts detected, 17 were larval trematodes and 3 were oligochaetes (T. tubifex, C. l. limnaei, and C. l. vaghini) , with 1 taxon from each of the following groups: leech (Helobdella spp.), nematode (Daubaylia potomaca), midge (Chironomidae) larva, and an unidentified fungal infection.
Ten symbiont taxa appeared to be relative generalists, occurring in all or most snail species, most notably C. l. limnaei, which lives on or under the mantle of snails and can range from parasitic to mutualistic depending on the environmental conditions and infestation level (Khalil 1961; Gamble and Fried 1976; Stoll et al. 2013 ). Other apparent generalists included digenetic trematodes in the echinostome complex (species in the genera Echinostoma and Echinoparyphium), the unidentified fungal infection, and the larval chironomid. Seven symbionts were observed in a single snail species only. For example, parasites specific to H. trivolvis included the larval trematodes Ribeiroia ondatrae, Clinostomum spp., and a Magnacauda-morphotype cercaria (family Echinostomatidae). Likewise, trematodes in the family Bucephalidae were only observed in Gyraulus spp.
At the regional scale, total symbiont richness (gamma diversity) correlated with the overall occurrence and average density of the snail host species. Thus, the most common snail species (H. trivolvis and Physa spp.) also supported the highest symbiont diversity (18 and 17 taxa, respectively), while the considerably less common Gyraulus spp. had a total symbiont richness of 14, and the nonnative snails L. columella and R. auricularia had 7 and 6 symbionts, respectively (P = 0.03, adjusted R 2 = 0.77; Fig. 1a) . Across all the examined individual hosts, 54% of H. trivolvis harbored one or more symbionts compared with 33% of Physa spp., 35% of Gyraulus spp., 34% of L. columella, and 25% of R. auricularia. Average host density (P = 0.07, adjusted R 2 = 0.61) also correlated with gamma diversity, whereas average host size did not (P = 0.50; Fig. 1b) . At the population level, symbiont richness ranged from 0 to 8 with an average of 3.75 symbionts per host population. Helisoma trivolvis again supported the highest overall symbiont richness with an average of 4.26 taxa per population, whereas L. columella had the fewest with 1.5 symbionts per population. Overall, the frequency of the host taxon across sampled sites correlated most strongly Table 1 Symbionts and their snail host species from a survey of 93 ponds in the California Bay Area, USA Presented here is the specific symbiont, its taxonomic classification, and the snail host species in which it was recorded. For larval trematodes, the cercariae morphotype from Schell (1985) with average symbiont richness (P = 0.07, adjusted R 2 = 0.63; Fig. 1c ), followed by average host density (P = 0.26, adjusted R 2 = 0.19) but little connection to average host size (P = 0.97, adjusted R 2 = 0.0003; Fig. 1d ). The most common symbiont was C. l. limneae, which occurred in nearly 75% of populations, followed by echinostome trematodes (64% occurrence), midge larvae (34% occurrence), and strigeid trematodes (29% occurrence).
Predictors of symbiont richness among host populations
Species accumulation curves suggested that a sample size of 40 individual hosts was adequate to capture symbiont richness (Fig. 2) . With this cutoff, 50% of sites appeared to reach an asymptote (no difference between observed and Chao2 estimated richness), 21% had a discrepancy of 1 or less, and 20% of populations had a discrepancy between one and 3 taxa (n = 84 examined populations with a sample size of 40 or higher). Thus, any populations with fewer than 40 individuals sampled were removed Proportion of observed symbiont richness per site Hosts sampled Fig. 2 Results of species accumulation curves for symbiont richness within a subset of examined snail populations (n = 84). The relationship between the number snail hosts examined within a population and the proportion of the estimated species richness captured relative to observed species richness (±95% CI) is presented. From these data, we selected a minimum cutoff of 40 hosts sampled for a population to be included in the analysis (vertical dashed line), leaving a total of 146 eligible host populations from the dataset, leaving 146 snail host-by-pond combinations. Across all the tested models, the global model with all seven fixed effects had the lowest overall AIC value and the greatest explanatory power (conditional R 2 = 0.40; Table 2 ; Fig. 3 ). The next best-fitting model was the heterogeneity model, which included the richness of snails and other aquatic taxa (ΔAIC = 30.43), followed closely by the epidemiological model, which included average host size and density (ΔAIC = 30.68) . No other models were within 34 AIC units of the global model. Host species identity strongly influenced symbiont richness: H. trivolvis (coefficient = 0.570, z = 3.068, P = 0.002) and Physa spp. (coefficient = 0.392, z = 2.072, P = 0.038, Fig. 3 ) both had more symbionts than other snail species. Within the global model (Table 3) , positive predictors of symbiont richness included average host body size (z-scored) (scaled coefficient = 0.207, z = 4.44, P < 0.0001), free-living richness (scaled coefficient = 0.143, z = 2.46, P = 0.014; Fig. 4a ), pond area (scaled coefficient = 0.145, z = 2.73, P = 0.006) and the amount of nearby wetland area (scaled coefficient = 0.103, z = 2.52, P = 0.012) (Fig. 4b) . For instance, the richness of symbionts in populations of H. trivolvis increased by 1 with every 1.6 mm increase in average host body size. In contrast to expectations from the epidemiological hypothesis, we found no effect of host density, snail species richness, or the combined density of all snail species at a site on symbiont richness. Removal of Fig. 3 Cumulative Akaike weights of the six candidate models used to explain variation in the symbiont richness of freshwater snail populations. See Table 2 for a description of the models and the covariates included. Akaike weights offer a measure of model importance among considered models ranked between 0 (least important) and 1 (most important). All models included a random intercept term for the specific wetland these predictors tended to improve model fit (ΔAIC = −3). In a post hoc analysis, neither total dissolved nitrogen, total dissolved phosphorus (mg/L, log 10 -transformed), nor pH explained significant variation in symbiont richness (scaled coefficient = −0.022, −0.084, 0.087; z = −0.35, −1.39, 1.57; P = 0.728, 0.164, 0.117; respectively), regardless of whether we included snail body size or population density in the model.
Discussion
An extensive body of previous research has highlighted the diversity of parasites distributed among either among individual hosts within a region or between host species spanning distinct geographic regions (Guégan et al. 1992; Kennedy and Bush 1994; Morand et al. 2000; Guernier et al. 2004; Hechinger and Lafferty 2005; Krasnov et al. 2006; Dunn et al. 2010; Poulin 2014; Johnson et al. 2016) . Nonetheless, identifying the drivers of symbiont at intermediate scales remains a major research priority, particularly between the population-and metacommunity scales at which diversity is simultaneously influenced by species interactions, habitat heterogeneity, and especially colonization opportunities (Ricklefs 2004; Cronin and Reeve 2005; Goater et al. 2014) . Our results explored the relative importance of conceptual frameworks developed for free-living diversity and to identify specific correlates Wetland cover within 1 km b a Fig. 4 The relationship between symbiont richness per host population and either a free-living taxonomic richness at a site (including fishes, amphibians, and aquatic macroinvertebrates) or b the proportion of neighboring wetland area within a 1 km radius of a pond. Sample sizes for each bin as follows: a n = 28, 24, 13, 16, 26, 20 and 18; b n = 52, 31, 31, and 32 associated with symbiont richness across populations of freshwater snails.
Overall, the best-supported model in our analysis included variables associated with host characteristics, epidemiological processes, community diversity, and dispersal opportunities (Fig. 2) . Host populations with larger hosts, on average, tended to support more symbionts, consistent with previous research (Guégan et al. 1992; Poulin 1995) . Populations with larger-bodied hosts could represent a direct increase in resource availability or reflect a greater fraction of older snails that have had more time for parasite colonization, either of which could promote parasite colonization and reduce local extinctions. Alternatively, parasite-induced changes in snail body size could promote an overall link between infection and average host size (e.g., 'gigantism', Mouritsen and Jensen 1994) . Host species identity also had a strong influence on observed parasite richness, such that H. trivolvis and Physa spp. supported roughly 4 more symbiont taxa than Gyraulus spp. and 11 more than either L. columella or R. auricularia. This pattern could reflect local adaptation on the part of the symbionts to infect common hosts (Lively 1989; Lagrue et al. 2016) , especially given that H. trivolvis and Physa spp. were the most frequently encountered and most abundant snails in the region (Fig. 1) . Augmenting this trend could be the non-native status of two of the hosts: both L. columella and R. auricularia are suspected to have been aquarium introductions in California, which could contribute to their reduced suitability for local symbionts (Duggan 2010) . Previous work on the 'enemy escape hypothesis', for instance, has demonstrated that introduced species support fewer infections, particularly for specialized infections such as larval trematodes (Wolfe 2002; Torchin et al. 2003) .
Concurrently, our results identified a strong influence of community diversity in affecting symbiont richness, consistent with the 'diversity-begets-diversity' hypothesis (Hechinger and Lafferty 2005; Thieltges et al. 2011; Kamiya et al. 2014b; Johnson et al. 2016) . Thus, wetlands with a greater number of free-living species, including vertebrates and invertebrates, supported more symbionts in the resident snail populations, even after accounting for snail species identity and total snail density. Such data are often unavailable in studies of parasite or symbiont diversity. In part, this is likely a consequence of the potential for shared infections between different snail species; however, the stronger effect was for non-snail richness, a variable that included larval amphibians, fishes, larval insects, and other macroinvertebrates. Given that many of the detected infections were trematode parasites that depend on multiple host species, systems with richer free-living communities could either support a wider range of parasite life cycles or attract more definitive hosts that deposit infectious stages (e.g., birds, fishes, and mammals). Similarly, increases in pond size and the amount of nearby wetland area correlated positively with symbiont richness, consistent with expectations for greater colonization opportunities (Connor and McCoy 2001) . In contrast to previous work, however, neither host density nor the total density of snails was important contributors to parasite richness, suggesting that parasite dispersal opportunities (pond characteristics and diversity) and patch quality (snail size or species) were more influential for symbiont diversity relative to the total number of patches.
This study builds upon and extends previous work focused on parasite richness within pond communities. In a study of trematode richness and metacommunity structure within H. trivolvis, Richgels et al. (2013) found that the probability of infection in individual hosts associated strongly with snail body size, while trematode richness at the population level correlated negatively with pH and marginally positively with pond size. Our results not only supported the influential roles of host body size and pond area but also highlighted the effects of free-living richness and colonization opportunities. Interestingly, in a post hoc analysis, we found little support for pH or dissolved nitrogen in predicting the richness of symbionts (parasites and non-parasites) across all snail species. More recently, Johnson et al. (2016) used both field surveys and a mesocosm experiment to test how the drivers of symbiont richness in amphibian hosts from the same study region varied with the biological level of organization, ranging from individual hosts (infracommunities) to host metacommunities (compound communities). Despite differences in the host taxa considered (e.g., amphibians versus snails), the results of that study as well as those from the current investigation jointly emphasize the importance of free-living richness in predicting parasite richness, with comparatively weaker effects of host density. Thus, similar to findings from the community ecology of plants, insects, birds, and mammals, symbiont richness associates more tightly with the habitat heterogeneity hypothesis rather than with resource availability per se, lending general support for diversity begetting diversity.
Understanding the structuring forces underlying parasite and symbiont diversity is particularly important, given that such organisms often (1) affect community structure for free-living species, (2) can be key indicators of environmental change, and (3) form complex micro-faunas within hosts that shape human and animal disease (Scott 1988; Marcogliese 2005; Rigaud et al. 2010; Johnson et al. 2015) . Using a multi-host, multi-parasite system to examine the drivers of symbiont taxonomic richness across a large number of replicate communities, the current study offered an opportunity to test a suite of potential explanatory factors. Our results link population-level patterns of parasite richness to several factors often used to account for richness patterns at both larger (e.g., biogeographic and evolutionary) as well as smaller (e.g., individual host) scales. Additionally, these results illustrate how habitat and species-level effects also play formative roles in driving metacommunity symbiont richness, helping to connect work on free-living and parasitic diversity. Because the current study was limited to morphological identification of symbionts, we emphasize the importance of future work that additionally incorporates molecular differentiation to better capture cryptic variation among morphologically similar taxa (e.g., Miura et al. 2005; Leung et al. 2009 ).
